Chapter 2 


Introduction to Engineering Calculations 


2.1 Unit conversion 


(a) 
From Table A.9 (Appendix A): 1 cP = 10? kg m ! s” 
1 m = 100 cm 
Therefore: 
L5x105 cP =1.5x10% cp, IU Kem" s| | Ii (So kes an 
1 cP 100 cm 


Answer: 1.5 x 10" kgs! cm! 
(b) 
From Table A.8 (Appendix A): 1 hp (British) = 42.41 Btu min” 


Therefore: 


42.41 Btu min! 
] hp 


0.122 hp = 0.122 hp. = 5.17 Btu min” 


Answer: 5.17 Btu min! 
(c) 
] min = 60 s 


rpm means revolutions per minute. As revolutions is a non-dimensional quantity (Section 2.1.2), the units 
of rpm are min™. Therefore: 
1 min 


10,000 min ! 210,000 min '. e =167s" 


S 
Answer: 167 s^! 

(d) 

From Table A.8 (Appendix A): 1 W = 1 J s” 

From Table A.7 (Appendix A): 1 J = 9.869 x 10? 1 atm 

From Table A.1 (Appendix A): 1 m = 3.281 ft 

1 min = 60s 

As explained in Section 2.4.6, °C™ is the same as K~”. Therefore: 


1J 57 
1W 


4335 W m? *C! 24335 W m? °C". 


1J ] min| [3.281 ft 


pee am | 60 s 


= 


= 238.451 atm min 'ft? K“ 


Answer: 238 1 atm min! ft? K! 
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2.2 Unit conversion 

(a) 

From Table A.7 (Appendix A): 1 Btu = 0.2520 kcal 
From Table A.3 (Appendix A): 1 Ib = 453.6 g 


Therefore: 


0.2520 kcal 
1 Btu 


345 Btu lb ' = 345 Btu lb ' . = 0.192 kcal g ' 


11b 
` [453.6 g 


Answer: 0.192 kcal g` 


(b) 

From Table A.5 (Appendix A): 1 mmHg = 1.316 x 10? atm 

From Table A.1 (Appendix A): 1 ft = 0.3048 m 

From Table A.7 (Appendix A): 1 1 atm = 9.604 x 10? Btu 

From Table A.8 (Appendix A): 1 Btu min ! = 2.391 x 10? metric horsepower 
1 mz 100 cm 

112 1000 cm’ 

1h=60 min 


Therefore: 


1.316x10~ atm 


670 mmHg ft? = 670 mmHg ft’. 


Um a| E a 


pes 10? Btu 


1 mmHg 1latm 1ft 1m 
11 2.391x10 ? metric horsepower lh 
1000 cm | 1 Btu min ' “|60 min 
—9.56 x 10 * metric horsepower h 
Answer: 9.56 x 10 * metric horsepower h 
(c) 
From Table A.7 (Appendix A): 1 kcal = 4.187 x 10° J 
1 kcal = 1000 cal 
1 kg = 1000 g 
As explained in Section 2.4.6, °C™ is the same as K !. Therefore: 
3. 
gsar O en soda | ee ee 
1000 cal 1 kcal lkg 


= 2319.6J kg! K“ 
Answer: 2320 J kg ! K` 


(d) 
From Table A.2 (Appendix A): 1 m? = 10? 1 
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1 kg = 1000 g 
Therefore: 
iarsi tte. : 10? kg m? 
1000 g| 1m 


Answer: 10° kg m? 


2.3 Unit conversion 

(a) 

From Table A.2 (Appendix A): 1 m? = 1071 
1gz 105 ug 

112 1000 ml 


Therefore: 


10° ug mI! 2105 ug mI". 2106 g m” 


1g ||1000 ml| |10°1 
IO ug | 11 | Im 


Answer: 10° g m? 

(b) 

From Table A.9 (Appendix A): 1 cP = 10? Pas 
1 Pas = 1000 mPa s 


Therefore: 


10° Pas 
]cP 


1000 mPa s 
]Pas 


3.2cP 23.2cP. =3.2 mPas 


Answer: 3.2 mPa s 

(c) 

From Table A.7 (Appendix A): 1 Btu = 1.055 x 10° J 
From Table A.8 (Appendix A): 1 W = 1 J s^! 

From Table A.1 (Appendix A): 1 ft = 0.3048 m 


1 h = 3600 s 
From Section 2.4.6, a temperature difference of 1 K corresponds to a temperature difference of 1.8 °F. 
Therefore: 

3 

150 Btu h” ft? (°F ft) =150 Btu h” ft! °F". S SAEI Es : E ; 
1 Btu 3600 s| 10.3048 m 
1.8°F| | IW 
1K [1J s 


= 259.6 W m` K” 
Answer: 260 W m’ K! 
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(d) 
1 h = 3600 s 


rph means revolutions per hour. As revolutions is a non-dimensional quantity (Section 2.1.2), the units of 
rph are h. Therefore: 


1h 


66 rph = 66h". -1.83x10^ s 
3600 


S 


Answer: 1.83 x 10? s”! 


2.4 Unit conversion and calculation 

Convert to units of kg, m, s. 

From Table A.2 (Appendix A): 1 ft? = 2.832 x 10? m? 

From Table A.2 (Appendix A): 1 m? = 10° 1 

From Table A.3 (Appendix A): 1 Ib = 0.4536 kg 

From Table A.8 (Appendix A): 1 metric horsepower = 7.355 x 10? kg m s? 
From Table A.1 (Appendix A): 1 m = 39.37 in. 


Therefore: 
3 1/3 
65 Ib ieonor. lia, im 0.4536 k 
t Š 
ta =5.9 (2.3 m) | — ; "EIL x : 
7.355x10' kg m“ s 2.832x10 m 11b 
0.70 metric hp. - 
] metric hp 


2.3m |39.37 in. 
45in. 


j 


1m 
— 5.9 (2.3)? m*? (2.724 m°” s) 1.262 
=35.3s 


Answer: 35 s 


2.5 Unit conversion and dimensionless numbers 
Case 1 

Convert to units of kg, m, s. 

From Table A.3 (Appendix A): 1 Ib = 0.4536 kg 

From Table A.2 (Appendix A): 1 ft? = 2.832 x 10? m? 
From Table A.9 (Appendix A): 1 cP = 10° kg m” s^! 

1 m= 100 cm = 1000 mm 

Using Eq. (2.1): 
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3 
Jam aet sgg ROSE LL. ME LL. 
" 1000 mm 100 cm 1 Ib 2.832x10?m 
m -3 -1.- 
cow! eas 
1 cP 
=2.4x10" 
Answer: 2.4 x 10” 
Case 2 
Convert to units of kg, m, s. 
From Table A.1 (Appendix A): 1 in. = 2.54 x 10° m 
From Table A.9 (Appendix A): 1 Ib ft! bh! 24.134 x 10“ kg m” s^! 
1 h = 3600s 
Using Eq. (2.1): 
-2 
( in.. pem (1 m s^) (12.5 kg m?) 
1n. 
Re = FETE RET eae = 1.5x10° 
giao te | ee ees 
11b ft'h h 


Answer: 1.5 x 104 


2.6 Property data 


Values were obtained from Perry’s Chemical Engineers’ Handbook, 8th edition, McGraw-Hill. Other 
sources may also be used. 


(a) 


The viscosity of ethanol can be evaluated as a function of temperature using the coefficients listed in 
Table 2-313 of Perry’s Chemical Engineers’ Handbook. Converting from °C to K using Eq. (2.27), T(K) 
= 40 + 273.15 = 313.15 K. Using the equation provided, the viscosity at 40°C is calculated as 8.18 x 10 ^ 
Pa s. Alternatively, using the nomograph of Figure 2-32 in Perry’s Chemical Engineers’ Handbook, the 
viscosity of ethanol at 40°C is estimated at about 0.82 cP, which is consistent with the previous result. 


Answer: 0.82 cP 


(b) 
From Table 2-325 in Perry’s Chemical Engineers’ Handbook, at 25°C and 1 atm pressure, the diffusivity 


of oxygen in water is 2.5 x 10? cm’ s”. 


Answer: 2.5 x 10? cm? s! 


(c) 


The thermal conductivity of borosilicate-type glass is listed in Table 2-326 of Perry's Chemical 
Engineers’ Handbook. For temperatures between 30°C and 75°C, the thermal conductivity is 0.63 Btu h” 
ft? Ch). 


Answer: 0.63 Btu h” ft? (?F/ft) ' 


https://gioumeh.com/product/bicprocess-engineering-principles/ 


(d) 
The density of 100% acetic acid at 20°C is listed in Table 2-109 of Perry's Chemical Engineers’ 
Handbook as 1.0498 g cm ^. 


Answer: 1.0498 g cm? 


(e) 

The specific heat capacity of liquid water at 80°C can be calculated using the values listed in Table 2-305 
of Perry's Chemical Engineers’ Handbook. Converting from °C to K using Eq. (2.27), T(K) = 80 + 273.15 
= 353.15 K. From the table, C, = 0.075567 kJ mol! K” at 350 K and C, = 0.075708 kJ mol K'! at 360 
K. Assuming that C, changes linearly with temperature between 350 K and 360 K, the value at 353.15 K 
can be interpolated as: 


(353.15 -350) K 


(0.075708 —0.075567) kJ mol K“! 
(360—350) K 


C, (353.15 K) = 0.075567 kJ mol K™' + 


—0.075611 kJ mol! K^! 
Answer: 0.07561 kJ mol! K^! 


2.7 Dimensionless groups and property data 


From Perry’s Chemical Engineers’ Handbook, the diffusivity of oxygen in water at 25°C and 1 atm 
pressure is 2.5 x 10? cm’ s™. Assuming this is the same at 28°C, 7 = 2.5 x 10? cm’ s '. As fermentation 
medium is mostly water, it is reasonable to assume that the density of liquid in the fermenter is the same 
as that of water. Unless the culture produces a highly viscous extracellular product such as gum, it is also 
reasonable to assume that the viscosity of liquid in the fermenter is the same as that of water. From 
Perry’s Chemical Engineers’ Handbook, the density of water at 28°C p, = 0.9962652 g cm” and the 
viscosity of water at 28°C 44 = 0.87 cP. The density of oxygen at 28°C and 1 atm pressure can be 
calculated using the ideal gas law. As molar density is the same as n/V, from Eq. (2.35): 


EO 
Po = RF 


Temperature in the ideal gas equation is absolute temperature; therefore, from Eq. (2.27): 


T(K) = (28 + 273.15) K 2301.15 K 


From Appendix B, R = 82.057 cm? atm K~ gmol. Substituting parameter values into the above equation 
for gas density gives: 


_ 1 atm 
(82.057 cm? atm K™ gmol"') (301.15 K) 


Po = 4.05x10° gmol cm” 
Using the atomic weights in Table C.1 (Appendix C), the molecular weight of oxygen is 32.0. Converting 
the result for pg to mass terms: 


32.0g 


-1.30x10? g cm? 
gmol 


Pc = 4.05x10? gmol cm”. 


From Table A.9 (Appendix A), 1 cP = 10? g cm'! s''. From Eq. (2.17), g = 980.66 cm s~. 1 cm = 10 mm. 
The parameter values and conversion factors can now be used to calculate the dimensionless groups in the 
equation for the Sherwood number. 
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3 


(2 mm) (1.30x10? g cm?)(0.9962652 —1.30x10°) g cm"? (980.66 cm s?). l = 
mm 
Gr= 
2 a .-1/? 
(0.87 cP)?. 10" gem s^ 
]1cP 
-134 
Similarly for the Schmidt number: 
-2 -1 0-1 
oid. pm 
1cP 
= 349 


* = (0.9962652 g cm?) (2.5 x10 cm? s^) 
Therefore: 
Sh — 0.31 (134)? (349)? 211.2 
From the equation for Sh: 


Sh? _ (11.2)(2.5 x10% cm? s^!) 
D, 


ky -1.40x10? cms? 


lcm 


2mm. 
10 mm 


Answer: 1.40 x 10? cm s'! 


2.8 Dimensionless numbers and dimensional homogeneity 
First, evaluate the units of the groups (C, u/k) and (DG/u): 


-lop-l -lg-1 
Units of Colt = (Eu T = ) Ib = i = 
Btu h` ft~ (°F ft”) 


-1 ¢,-2 
Units of De = (ft) 2 1 =1 
u lb h` ft 


Therefore, these groups are dimensionless. For the equation to be dimensionally homogeneous, (h/C,G) 
must also be dimensionless; the units of / must therefore cancel the units of C,G. 

Units of h = units of C,G = (Btulb ! ^F) (Ibh ft?) =Btu °F 'h ! ft? 
The dimensions of h can be deduced from its units. From Table A.7 (Appendix A), Btu is a unit of energy 


with dimensions = L'MT ?. °F is a unit of temperature which, from Table 2.1, has the dimensional symbol 
©. h (hour) is a unit of time with dimension T; ft is a unit of length with dimension L. Therefore: 


Dimensions of h = PMT” OTL” 2MT?Q9' 


Answer: Units = Btu °F! h^! ft; dimensions = MT?9^! 


2.9 Dimensional homogeneity 


A has dimensions L. ¢ has units W kg; therefore, from Tables A.8 and A.3 in Appendix A, the 
dimensions of e are L'MT^M ! = LT. Substituting this information into the equation for 4, for 
dimensional homogeneity: 
. . g^ 4 . . 3/4 
L- [ims of v) ) _ (dimensions of v) 


LT? L?T^?^ 
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Solving for the dimensions of v: 


(dimensions of y) ^ = LPT“ 
Or 
dimensions of v = VT” 


Answer: LT! 


2.10 Dimensional homogeneity and g. 


The dimensions of D; (length) = L. From Table 2.2, the dimensions of P = L’MT” and the dimensions of 
p- L?M. From Section 2.3, the dimensions of g = LT”. From Section 2.1.2, the dimensions of rotational 
speed N; = T'. Therefore: 


Pg _ (CMT? (LT?) |. 


Dimensions of ape — 
pNPDi (°M) T PL 


As Np is a dimensionless number, equation (i) is not dimensionally homogeneous and therefore cannot be 
correct. From Section 2.3, the dimensions of g. = 1. Therefore: 


Pg. _ (LMT?))() 


Dimensions of — = dl 
PND (L'M)T)L 


Equation (ii) is dimensionally homogeneous and therefore likely to be correct. 


Answer: (ii) 


2.11 Mass and weight 
From the definition of density in Section 2.4.1, mass is equal to density multiplied by volume. Therefore: 
Mass of water = (10 ft^) (62.4 Ib,, ft ^) = 624 Ib, 


From Section 2.3, weight is the force with which a body is attracted to the centre of the earth by gravity. 
According to Newton's law (Section 2.3), this force is the mass of the body multiplied by gravitational 
acceleration. 


(a) 

From Eq. (2.18), at sea level and 45° latitude, gravitational acceleration g = 32.174 ft s ?. Therefore: 
Weight = 624 Ib,, (32.174 ft s?) = 2.008 x 10* Ib, ft s? 

Converting these units to Ib; using Eq. (2.19): 


llb, 


L2 6241b 
32.174 1b, ft s? 


Weight = 2.008 x10" Ib, ft s” . 


Answer: 624 lb;. When g = 32.174 ft s”, Ib mass is equal to Ib force. 


(b) 
From Table A.1 (Appendix A), 1 m = 3.281 ft. Using the same procedure as in (a): 


—1.998x 10" lb, ft s? 


Weight — 624 Ib,, (9.76 m s?) pas ft 


Converting to lb, using Eq. (2.19): 
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llb, 
32.174 Ib, ft s? 


Weight = 1.998 x 10" lb, ft s”. -621lb, 


Answer: 621 lb; 


2.12 Molar units 

From the atomic weights in Table C.1 (Appendix C), the molecular weight of NaOH is 40.0. 
(a) 

From Eq. (2.22): 


lb-moles NaOH = "" = 0.50 Ibmol 


40.0 Ib Ibmol 
Answer: 0.50 Ibmol 
(b) 
From Table A.3 (Appendix A), 1 Ib = 453.6 g. Therefore: 
453.6 g 


20.0 lb = 20.0 Ib. | =9072 g 
From Eq. (2.21): 
gram-moles NaOH = -€— = 227 gmol 
40.0 g gmol 


Answer: 227 gmol 


(c) 
From Section 2.4.4, 1 kgmol = 1000 gmol. Therefore, from (b): 


] kgmol 


—— ——|- 0.227 kgmol 
1000 gmol 


kg-moles NaOH - 227 gmol. | 


Answer: 0.227 kgmol 


2.13 Density and specific gravity 


(a) 


From Section 2.4.1, the density of water at 4°C is 1.0000 g cm”. Therefore, from Section 2.4.2, for a 
substance with specific gravity 1.51292** , the density at 20°C is 1.5129 g cm”. 


(i) 


1 kg = 1000 g 
1 m= 100 cm 
Therefore: 
3 
Deniysisiggr* ee ipis gir gy 
1000 g lm 


Answer: 1512.9 kg m? 
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(ii) 
From the atomic weights in Table C.1 (Appendix C), the molecular weight of nitric acid (HNO3) is 63.0. If 
the density of HNO; at 20°C is 1.5129 g cm”, in 1 cm HNOs, from Eq. (2.21): 


1.5129 g 
63.0 g gmol ' 


gram-moles — — 0.024 gmol 


Therefore, the molar density is 0.024 gmol cm”. From the definition of specific volume in Section 2.4.3: 


1 1 
molar density ~ 0.024 gmol cm ? 


Molar specific volume — = 41.67 cm’ gmol' 


Answer: 41.67 cm? gmol 
(b) 
(i) 


Density is defined as mass per unit volume (Section 2.4.1). Therefore, the mass flow rate is equal to the 
volumetric flow rate multiplied by the density: 


Mass flow rate = (50 cm? min™')(1.6 g cm™) 280 g min”! 

Answer: 80 g min” 

(ii) 

From the atomic weights in Table C.1 (Appendix C), the molecular weight of carbon tetrachloride is 
153.8. Using the mass flow rate from (a): 


1 gmol 
1153.8 g 


=l 1 


Molar flow rate = 80 g min =0.52 gmol min` 


Answer: 0.52 gmol min’ 


2.14 Molecular weight 


From Section 2.4.5, the composition of air is approximately 21% oxygen and 79% nitrogen. For gases at 
low pressures, this means 21 mol% O, and 79 mol% N>. Therefore, in 1 gmol of air, there are 0.21 gmol 
O, and 0.79 gmol N, From the atomic weights in Table C.1 (Appendix C), the molecular weights of O; 
and N» are 32.0 and 28.0, respectively. The molecular weight of air is equal to the number of grams in 1 
gmol of air: 


32.0 


g 28.0g 
1 gmol 


— —-| = 28.8 
1 gmol j 


1 gmol air = 0.21 gmol O;. +0.79 gmol N3. 


Answer: 28.8 


2.15 Mole fraction 


The molecular weights are listed in Table C.7 (Appendix C): water 18.0; ethanol 46.1; methanol 32.0; 
glycerol 92.1; acetic acid 60.1; benzaldehyde 106.1. In 100 g solution, there are 30 g water, 25 g ethanol, 
15 g methanol, 12 g glycerol, 10 g acetic acid, 8 g benzaldehyde, and no other components. Therefore: 


1 gmol 
18.0g 


Moles water = 30g. — 1.67 gmol 
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Moles ethanol = 25 g. pee! = 0.54 gmol 
46.1g 
Moles methanol =15 g. pene = 0.47 gmol 
32.0g 
1 gmol 
Moles glycerol 212 g. — 0.13 gmol 
92.1g 
-— 1 gmol 
Moles acetic acid — 10 g. — 0.17 gmol 
60.1g 
Moles benzaldehyde — 8 g . EM — 0.075 gmol 
106.1g 


The total number of moles is 1.67 + 0.54 + 0.47 + 0.13 + 0.17 + 0.075 = 3.055 gmol. From Eq. (2.23): 
1.67 


Mole fraction water — 0.55 
055 

Mole fraction ethanol = v — 0.18 

Mole fraction methanol — M SH =0.15 


Mole fraction glycerol = Do =0.043 
3.055 


Mole fraction acetic acid = OT — 0.056 


055 


Mole fraction benzaldehyde = nu — 0.025 
3.055 


Answer: 0.55 water; 0.18 ethanol; 0.15 methanol; 0.043 glycerol; 0.056 acetic acid; 0.025 benzaldehyde 


2.16 Solution preparation 


A 6% w/v solution means 6 g of MgSO4-7H50 in 100 ml of solution (Section 2.4.5). To make up 100 ml 
of solution, weigh out 6 g of MgSO,:7H,0 using the balance and place the solid in the measuring cylinder. 
Add water to dissolve the solid and make up to the 100 ml mark on the measuring cylinder. 


2.17 Moles, molarity, and composition 


(a) 


From the atomic weights in Table C.1 (Appendix C), the molecular weight of Ci2H22O0, is 230. 1 kg = 
1000 g. Therefore: 


— 92.2 gmol 


21.2kg =21.2 «e. og hae 


lkg | |230g 


Answer: 92.2 gmol 
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(b) 


From the atomic weights in Table C.1 (Appendix C), the molecular weight of C)2H2.0;, is 342. 1 kg = 
1000 g. Therefore: 


1 


=13.2 gmol s` 


Asker ud ogg, e Emol 


lkg 342g 


1 min = 60 s. The amount of sucrose transferred in 30 min is: 
-1 n 60s 4 
13.2 gmol s (30 min).| ——|- 2.38x10" gmol 
]min 


Answer: 2.38 x 10^ gmol 


(c) 

75 mM means 75 x 10? gmol per litre of solution (Section 2.4.5). 1 1 = 1000 ml; therefore, in 10 ml or 
1/100 of a litre, a 75 mM solution contains (75 x 107/100) gmol = 75 x 10? gmol. From the atomic 
weights in Table C.1 (Appendix C), the molecular weight of C4H6O6:H20 is 168. Therefore: 


168g 


75x10? gmol 2 75x10? gmol. -0.126g 
1 gmol 


Answer: 0.126 g 


(d) 

60 uM salicylaldehyde means 60 x 10% gmol per litre of solution (Section 2.4.5). 1 1 = 1000 ml; therefore, 
in 250 ml or 1/4 of a litre, a 60 uM solution contains (60/4 x 10°) gmol = 15 x 10° gmol. From the 
atomic weights in Table C.1 (Appendix C), the molecular weight of C;H&O; is 122. Therefore: 


15x10 gmol 215x105 gmol. 1228 | -1 83x10? g 
1 gmol 


330 ppm dichloroacetic acid means 330 g per 10° g of solution (Section 2.4.5). Because the solution being 
considered contains only very dilute concentrations of components in water, we can assume that the 
density of the solution is the same as the density of water or 1 g mI ! (Section 2.4.1). Therefore, the 
concentration of dichloroacetic acid is 330 g per 10° ml of solution, and the mass of dichloroacetic acid in 
250 ml of solution is 330 g x (250 ml/10° ml) = 0.083 g. 


Answer: 1.83 x 10? g of salicylaldehyde and 0.083 g of dichloroacetic acid 


2.18 Concentration 


(a) 


If the concentration of NaCl added is the same as that already in the tank, the concentration remains 
constant at 25 mM NaCl. 


Answer: 25 mM 


(b) 


25 mM NaCl means 25 x 10? gmol NaCl per litre (Section 2.4.5). Therefore, in the original 1500 1, there 
are 25 x 10? gmol I! x 1500 1 37.5 gmol NaCl. After addition of the water, there are 37.5 gmol NaCl in 
4500 litres of solution. Therefore, the concentration is 37.5 gmol/4500 1 = 8.33 x 10° gmol I! or 8.33 
mM. 
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Answer: 8.3 mM 


(c) 

From the calculation in (b), the tank originally contains 37.5 gmol of NaCl. Adding 500 1 of 25 mM NaCl 
increases the amount of NaCl present by 25 x 10? gmol I! x 500 1 12.5 gmol, making the total amount 
of NaCl equal to (37.5 gmol + 12.5 gmol) = 50 gmol. After addition of 3000 1 of water, these 50 gmol of 
NaCl are present in (1500 1 + 500 1 + 3000 1) = 5000 1 of solution. 


(i) 
There are 50 gmol of NaCl present in 5000 | of solution. Therefore, the concentration is 50 gmol/5000 | = 
0.01 gmol I'. As 1 gmol I is the same as 1 M (Section 2.4.5), the concentration is 0.01 M. 


Answer: 0.01 M 

(ii) 

% wiv means g per 100 ml of solution (Section 2.4.5) From the atomic weights in Table C.1 (Appendix 
C), the molecular weight of NaCl is 58.44. Therefore, the mass corresponding to 50 gmol of NaCl is: 


siue) smal = 
1 gmol 


EE 


This mass of NaCl is present in 5000 | of solution. Therefore, the concentration is 2922 g/5000 | = 0.584 g 
I'. 1 1 = 1000 ml. In 100 ml or 1/10 of a litre of solution, the mass of NaCl is 0.584 g/10 = 0.0584 g. 
Therefore, the concentration is 0.0584 g per 100 ml, or 0.058446 w/v. 


Answer: 0.0584% w/v 
(iii) 
From (ii), the concentration of NaCl is 0.584 g I'.112 1000 cm’. Therefore: 


0.584 g I" =0.584g1"'. —5.84x10* g cm? 


1000 cm? 


Answer: 5.84 x 10^ g cm? 


(iv) 

ppm means g per 10° g of solution (Section 2.4.5) Because the solution of NaCl is very dilute, we can 
assume that the density of the solution is the same as the density of water = 1 g cm” (Section 2.4.1). 
Therefore, the concentration of NaCl calculated in (iii), 5.84 x 107+ g cm”, can be expressed as 5.84 x 10^ 
g per g of solution. The mass of NaCl present in 10° g of solution is (5.84 x 10^ g g') x 10° g = 584 g, so 
the concentration is 584 g per 10^ g of solution, or 584 ppm. 


Answer: 584 ppm, assuming that the density of the solution is equal to the density of water. 


2.19 Gas composition 


Gas compositions are expressed as volume % (Section 2.4.5). For relatively light gases such as oxygen, 
carbon dioxide, ammonia and nitrogen, we can assume that the ideal gas law is valid over the range of 
conditions applying to bioreactor operation (Section 2.5). This means that the relative partial volumes of 
the component gases will not change with temperature and pressure, so that the gas composition will be 
unaffected. 


Answer: The composition is unaffected. 
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2.200 Specific gravity and composition 


A pharmaceutical concentration of 38.6% w/w means 38.6 g in 100 g of solution (Section 2.4.5). If the 
specific gravity of the solution is 1.036, the density referenced against water at 4°C is 1.036 g cm? 
(Section 2.4.2). 


(a) 


From the definition of density as mass per unit volume (Section 2.4.1), the volume of 100 g of solution = 
100 g/(1.036 g cm ^?) = 96.53 cm’. Therefore, the concentration of pharmaceutical is 38.6 g per 96.53 cm? 
of solution, or 38.6 g/(96.53 cm?) = 0.40 g cm”. 1 1 = 1000 cm’ and 1 kg = 1000 g. Converting units gives: 


3 
(gcn edd peu, Eee ed IRR 1 e do eed 
11 1000 g 
Answer: 0.40 kg I! 
(b) 
The flow rate of pharmaceutical is found by multiplying the solution flow rate by the pharmaceutical 
concentration: 


1 


Pharmaceutical flow rate = 8.61 min ! x 0.40 kg I! 23.44 kg min” 
1 kg = 1000 g. Converting to molar units using the pharmaceutical molecular weight: 


=l 1 


Pharmaceutical flow rate = 3.44 kg min 


= 2.42 gmol min™ 
lkg | |1421g 


1000 g | gmol 


Answer: 2.42 gmol min 


2.21 Temperature scales 

From Eq. (2.30): 
—40 = 1.8 T(°C)+32 
T(°C) 2-40 

From Eq. (2.28): 
TOR) =-40+459.67 
T(CR) = 420 

From Eq. (2.27) and the result for T(°C): 
T(K) = —40+ 273.15 
T(K) = 233 

Answer: 40°C, 420°R, 233 K 


2.22 Pressure scales 


(a) 
Assume that the atmospheric (barometric) pressure is 14.7 psi (Section 2.4.7). From Eq. (2.31): 
Absolute pressure = 15 psi +14.7 psi = 29.7 psi 
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From Table A.5 (Appendix A), 1 psi = 6.805 x 10? atm. Therefore: 


-2 
Absolute pressure = 29.7 psi. ULM — 2.02 atm 
1 psi 
Answer: 29.7 psi, 2.02 atm 
(b) 
Vacuum pressure is pressure below barometric (Section 2.4.7). If the barometric pressure is 14.7 psi 
(Section 2.4.7): 


Absolute pressure = 14.7 psi —3 psi =11.7 psi 
Answer: 11.7 psi 


223 Gas leak 


The volume of the cylinder does not change as a result of the leak, so V; = V; = 48 1. Pj = 0.35 MPa = 0.35 
x 10° Pa. When the cylinder is left open to the atmosphere, P; = 1 atm. T, = 22°C; T; = 33°C. Let us 
assume that the ideal gas law applies to compressed air under the prevailing conditions (Section 2.5). 
Temperature in the ideal gas equation is absolute temperature; therefore, using Eq. (2.27), Ti = (22 + 
273.15) K = 295.15 K and T, = (33 + 273.15) K = 306.15 K. The ratio of the amounts of air in the tank 
before and after the leak can be determined using Eq. (2.35): 


pV. 
n — RT 
n, PV 
RT. 


2 
Because V; = V5, these terms and R can be cancelled to give: 
n_ DT, 


n, pj, 


From Table A.5 (Appendix A), 1 atm = 1.013 x 10° Pa. Substituting values into the equation: 


0.35x10° Pa. 18 __|_ (06 15K) 
n pT, 1.013x10 Pa E 
n, pj I atm (295.15 K) 
or 
n, =0.28 n, 


The amount of air in the tank after the leak is 28% of that present before the leak. The amount lost is 
therefore 72%. 


Answer: 72%, assuming that the ideal gas law applies 


2.24 Gas supply 


The flow rate of air required to operate the bioreactor is 0.8 x 1.5 = 1.2 1 min. The amount of air 
provided to the bioreactor between 4 pm Friday and 9 am Monday, i.e. over a period of 65 hours, can be 
determined using the ideal gas law with T = 25°C and P = 1 atm. Temperature in the ideal gas equation is 
absolute temperature; therefore, using Eq. (2.27), T = (25 + 273.15) K = 298.15 K. From Appendix B, R = 
0.082057 1 atm gmol ! K~”. Using Eq. (2.35), the amount of air required to operate the bioreactor is: 
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60 min 
_ pv lh 
— RT 0.082057 1 atm gmol ' K” (298.15 K) 


latm (1.21 min ') (65 h) | 


— 191 gmol 


This amount of air can be compared with the amount available in the gas cylinder. V = 48 1. T = 20°C; 
using Eq. (2.27), T = (20 273.15) K = 293.15 K. If the gauge pressure is 800 psi, the absolute pressure P 
in the cylinder is (800 + 14.7) psi = 814.7 psi (Section 2.4.7). From Table A.5 (Appendix A), 1 psi = 6.805 
x 10? atm. Applying Eq. (2.35): 


6.805x10? atm 


814.7 psi. 


.(481) 
n- re = 
RT 0.082057 1 atm gmol ! K~ (293.15 K) 


=111gmol 


Even if the uncertainty factor of 5% is taken into account with respect to the values of n calculated, the 
amount of air in the cylinder is less than that required to operate the bioreactor over the weekend. 


Answer: No 


2.25 Stoichiometry and incomplete reaction 


(a) 


The molecular weights are calculated from Table C.1 (Appendix C): penicillin = 334.4; glucose = 180.2. 
The maximum theoretical yield from the stoichiometric equation is 1 gmol of penicillin for every 1.67 
gmol of glucose. This is equivalent to 334.4 g of penicillin per 1.67 x 180.2 = 300.9 g of glucose, or 334.4 
g/300.9 g = 1.1 g g”. 


Answer: 1.1 g g` 
(b) 


The maximum theoretical yield in (a) is obtained when all the glucose consumed is directed into penicillin 
production according to the stoichiometric equation. If only 696 of the glucose is used in this way, the 
amount of penicillin produced for every 300.9 g of glucose consumed is much lower at 334.4 g x 0.06 = 
20.06 g. Therefore, the actual yield of penicillin from glucose is 20.06 g/300.9 g = 0.067 gg". 


Answer: 0.067 g g ! 


(c) 
From the atomic weights in Table C.1 (Appendix C), the molecular weight of phenylacetic acid is 136.2. 


(i) 

The only possible limiting substrates are glucose and phenylacetic acid. Using a basis of 1 1 of medium, if 
(50 — 5.5) = 44.5 g of glucose are consumed but only 6% is available for penicillin synthesis, the mass of 
glucose used in the penicillin reaction is 44.5 x 0.06 = 2.67 g. Converting to gmol of glucose, this is 
equivalent to 2.67 g/(180.2 g gmol )) = 1.48 x 10? gmol of glucose available for penicillin synthesis. At 
the same time, 4 g or 4 g/(136.2 g gmol !) = 2.94 x 10? gmol of phenylacetic acid is available which, 
according to the stoichiometric equation, requires 1.67 x (2.94 x 10?) = 4.91 x 10? gmol of glucose for 
complete reaction. As the amount of glucose (4.91 x 10? gmol) required for complete reaction of the 
phenylacetic acid is greater than the amount of glucose (1.48 x 10° gmol) available after growth and 
maintenance activities, glucose is the limiting substrate. 


Answer: Glucose 
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(ii) 
Of the 44.5 g I! glucose consumed, 24% or 10.7 g I! is used for growth. In a 100-litre tank, the total mass 
of glucose consumed for growth is therefore 10.7 g I! x 1001- 1070 g, or 1.07 kg. 


Answer: 1.07 kg 


(iii) 

From (i), 1.48 x 10? gmol of glucose is used in the penicillin reaction per litre. According to the 
stoichiometry, this produces (1.48 x 10°)/1.67 = 8.86 x 10? gmol of penicillin per litre. Therefore, in a 
100-litre tank, (8.86 x 10? gmol I!) x 100 1 = 0.886 gmol of penicillin is formed. Converting to mass, 
0.886 gmol x 334.4 g gmol ! = 296 g penicillin are formed. 


Answer: 296 g 


(iv) 

If, from (i), 1.48 x 10? gmol glucose is used in the penicillin reaction per litre, from stoichiometry (1.48 x 
1021.67 = 8.86 x 10? gmol I! phenylacetic acid must also be used. Converting from moles to mass, this 
is equivalent to 8.86 x 10° gmol I' x 1362 g gmol' = 1.21 g 1™ phenylacetic acid. As 4 g I” 
phenylacetic acid is provided, (4 — 1.21) g I! = 2.79 gI'! phenylacetic acid must remain. 


Answer: 2.79 g I" 


2.206 Stoichiometry, yield, and the ideal gas law 


(a) 


Adding up the numbers of C, H, O and N atoms on both sides of the equation shows that the equation is 
balanced: C (16 = 16), H (38.3 = 38.3), O (32.6 = 32.6), N (1.42 = 1.42). 


Answer: Yes 


(b) 


The molecular weights are calculated from Table C.1 (Appendix C): cells = 91.5; hexadecane = 226.4. 
From the stoichiometry, as 1 gmol of hexadecane is required to produce 1.65 gmol of cells, the maximum 
yield is 1.65 gmol x 91.5 g gmol ! = 151 g cells per 226.4 g hexadecane, or 151 g/226.4 g = 0.67 g g`. 


Answer: 0.67 g g` 


(c) 


From the atomic weights in Table C.1 (Appendix C), the molecular weight of oxygen is 32.0. From the 
stoichiometry, 16.28 gmol of oxygen is required to produce 1.65 gmol of cells which, from (b), is equal to 
151 g of cells. The maximum yield is therefore 151 g of cells per (16.28 gmol x 32.0 g gmol !) = 521 g 
oxygen, or 151 g/521 g = 0.29 g g`". 


Answer: 0.29 g g` 


(d) 


2.5 kg = 2500 g. Converting to molar terms using the cell molecular weight from (b), 2500 g = 2500 
g/(91.5 g gmol ) = 27.3 gmol cells. The minimum amounts of substrates are required when 100% of the 
hexadecane is converted according to the stoichiometric equation. 
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(i) 
From the stoichiometry, production of 27.3 gmol of cells requires 27.3/1.65 = 16.5 gmol of hexadecane. 


Converting to mass terms using the molecular weight of hexadecane, 16.5 gmol = 16.5 gmol x 226.4 g 
gmol | = 3736 g = 3.74 kg of hexadecane. 


Answer: 3.74 kg 
(ii) 


From the answer in (d)(i), the concentration of hexadecane required is 3.74 kg in 3 mî, or 1.25 kg m”. 


Answer: 1.25 kg m? 

(iii) 

According to the stoichiometric equation, production of 27.3 gmol of cells requires 27.3 x 16.28/1.65 = 
269.4 gmol of oxygen. As air contains approximately 21 mol% oxygen (Section 2.4.5), the moles of air 


required is 269.4/0.21 = 1282.9 gmol. The corresponding volume of air is calculated using the ideal gas 
law. From Eq. (2.35): 


y ART 
p 


P = 1 atm; T= 20°C. As temperature in the ideal gas equation is absolute temperature, from Eq. (2.27): 


T -(20*-273.15) K 2293.15 K 


From Appendix B, R = 82.057 cm? atm K ! gmol™. 1 m = 100 cm. Substituting these values into the 
equation for V: 


V =31 m? 


100 cm 


_ (1282.9 gmol) (82.057 cm’ atm K~ gmol !) (203.15 K) lm 
latm 


Answer: 31 m? 


2.27 Stoichiometry and the ideal gas law 


(a) 


Adding up the numbers of C, H, O and N atoms on both sides of the equation shows that the equation is 
balanced: C (6 = 6), H (12.6 = 12.7), O (13.3 = 13.3), N (0.33 = 0.33) 


Answer: Yes 


(b) 


From Table C.1 (Appendix C), the molecular weights are: glucose = 180.2; HNO; = 63.0; biomass 28.3. 
Converting to molar units, the concentration of glucose is 30 g I '/(180.2 g gmol ) = 0.166 gmol 1". From 
the stoichiometry, this requires 0.18 x 0.166 gmol I! = 0.030 gmol I! of HNO; for complete conversion. 


Answer: 0.030 gmol I" 


(c) 


From the glucose concentration calculated in (b), the gmol of glucose present in 50 1 is 0.166 gmol I! x 50 
1 = 8.30 gmol. According to the stoichiometry, complete conversion of 8.30 gmol of glucose produces 2.5 
x 8.30 gmol = 20.75 gmol of biomass. Converting to mass units using the molecular weight of the 
biomass, 20.75 gmol x 28.3 g gmol ! = 587 g of biomass are produced. 


Answer: 587 g 
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(d) 


According to the stoichiometric equation, complete conversion of 8.30 gmol of glucose requires 3.4 x 8.30 
= 28.2 gmol of oxygen. The volume of oxygen required can be calculated using the ideal gas law with P = 
1 atm. As temperature in the ideal gas equation is absolute temperature, 20°C is converted to K using Eq. 
(2.27): 


T = (20+ 273.15) K = 293.15 K 


From Appendix B, R = 0.000082057 m? atm K~ gmol '. Using Eq. (2.35), the volume of oxygen required 
is: 


_nRT (28 gmol)(0.000082057 m? atm K gmol') (293.15 K) 
p l atm 


V =0.678 m? 


Air contains approximately 21 volume % oxygen (Section 2.4.5). Therefore, the volume of air required is 
0.678 m°/0.21 = 3.2 m’. 


Answer: 3.2 m? 


2.28 Stoichiometry, yield, and limiting substrate 


(a) 
Adding up the numbers of C, H and O atoms and the charges on both sides of the equation shows that the 
equation is balanced: C (10 = 10), H (20 = 20), O (34 = 34), charge (-8 = -8). 


Answer: Yes 


(b) 


From Table C.1 (Appendix C), the molecular weights are N; = 28.0 and acetate (~ acetic acid) = 60.1. 
According to the stoichiometry, the yield is 4 gmol of N, for every 5 gmol of acetate consumed. 
Converting to mass units using the molecular weights, the yield is (4 x 28.0 g N;)/(5 x 60.1 g acetate) = 
037gg.. 


Answer: 0.37 g g` 


(c) 


Effectively, 0.75 x 6 mM = 4.5 mM of acetic acid and 0.85 x 7 mM = 5.95 mM of nitrate are available for 
the denitrification reaction. From the reaction stoichiometry, 8 mol of nitrate are required for every 5 mol 
of acetic acid consumed. Therefore, complete reaction of 4.5 mM acetic acid requires 4.5 mM x 8/5 = 7.2 
mM nitrate. As only 5.95 mM nitrate is available, nitrate is the limiting substrate. 


Answer: Nitrate 


(d) 


The conversion is based on the amount of limiting substrate available. From (c), nitrate is the limiting 
substrate and 5.95 mM of nitrate is available for the denitrification reaction. Therefore, in 5000 1, the total 
amount of nitrate converted in the reaction is 5.95 x 10? gmol I! x 5000 1 29.75 gmol. According to the 
stoichiometry, for each 8 gmol of nitrate reacted, 4 gmol of N, are formed. Therefore, conversion of 29.75 
gmol of nitrate produces 29.75 x 4/8 = 14.88 gmol of N2. Converting to mass units using the molecular 
weight of Ns, the mass of N produced is 14.88 gmol x 28.0 g gmol ! = 416.6 g. 


Answer: 417 g 
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2.29 Order-of-magnitude calculation 


rpm means revolutions per minute. As revolutions is a non-dimensional quantity (Section 2.1.2), the units 
of rpm are min '. Therefore: 


12,000 min"! 212,000 min”. ES — 200 5^ 
S 


z = 3.14159. From Eq. (2.16), g = 9.8066 m s”. The equation for X using the actual data is: 


3.14159 (200 s? (1.25 m) (0.37 m) 


is - 
2(9.8066 ms ^) 


Using approximate values, this becomes: 


5- 3 (200) (1) (0.4 m° s? 


=960 m? 
2 (10) ms? 


This result is closer to 1000 m? than to 100 m. 
Answer: 1000 m? 


2.30 Order-of-magnitude calculation 
m = 3.14159. The equation for r;. using the actual data is: 


; (0.12 gmol s! m?)(41 gmol m?) 


Ths -Â (3.14159) (3:2x10 7) m F 
A (0.8 +41) gmol m” 


Using approximate values, this becomes: 


Ay 
(40) 


1 1 


p" -50) (30x10?) gmols' 2120x10 " gmol s™ 21.2x10? gmol s7 


This result indicates that the student reporting the value 1.6 x 10? gmol s ' is more likely to be correct. 


Answer: 1.6 x 10? gmol s! 
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